The Canadian Test-Day Model includes test-day (TD) records from 5 to 305 d in milk (DIM). Because 60% of Canadian Holstein cows have at least one lactation longer than 305 d, a significant number of TD records beyond 305 DIM could be included in the genetic evaluation. The aim of this study was to investigate whether TD records beyond 305 DIM could be useful for estimation of 305-d estimated breeding value (EBV) for milk, fat, and protein yields and somatic cell score. Data were 48,638,184 TD milk, fat, and protein yields and somatic cell scores from the first 3 lactations of 2,826,456 Canadian Holstein cows. All production traits were preadjusted for the effect of pregnancy. Subsets of data were created for variance-component estimation by random sampling of 50 herds. Variance components were estimated using Gibbs sampling. Full data sets were used for estimation of breeding values. Three multiple-trait, multiple-lactation random regression models with TD records up to 305 DIM (M305), 335 DIM (M335), and 365 DIM (M365) were fitted. Two additional models (M305a and M305b) used TD records up to 305 DIM and variance components previously estimated by M335 and M365, respectively. The effects common to all models were fixed effects of herd × test-date and DIM class, fixed regression on DIM nested within region × age × season class, and random regressions for additive genetic and permanent environmental effects. Legendre polynomials of order 6 and 4 were fitted for fixed and random regressions, respectively. Rapid increase of additive genetic and permanent environmental variances at extremes of lactations was observed with all 3 models. The increase of additive genetic and permanent environmental variances was at earlier DIM with M305, resulting in greater variances at 305 DIM with M305 than with M335 and M365. Model M305 had the best ability to predict TD yields from 5 through 305 DIM and less error of prediction of 305-d EBV than M335 and M365. Model M335 had smaller change of 305-d EBV of bulls over the period of 7 yr than did M305 and M365. Model M305a had the least error of prediction and change of 305-d EBV from all models. Therefore, the use of TD records of Holstein cows from 5 through 305 DIM and variance components estimated using records up to 335 DIM is recommended for the Canadian Test-Day Model.
aBStraCt
The Canadian Test-Day Model includes test-day (TD) records from 5 to 305 d in milk (DIM). Because 60% of Canadian Holstein cows have at least one lactation longer than 305 d, a significant number of TD records beyond 305 DIM could be included in the genetic evaluation. The aim of this study was to investigate whether TD records beyond 305 DIM could be useful for estimation of 305-d estimated breeding value (EBV) for milk, fat, and protein yields and somatic cell score. Data were 48,638,184 TD milk, fat, and protein yields and somatic cell scores from the first 3 lactations of 2,826,456 Canadian Holstein cows. All production traits were preadjusted for the effect of pregnancy. Subsets of data were created for variance-component estimation by random sampling of 50 herds. Variance components were estimated using Gibbs sampling. Full data sets were used for estimation of breeding values. Three multiple-trait, multiple-lactation random regression models with TD records up to 305 DIM (M305), 335 DIM (M335), and 365 DIM (M365) were fitted. Two additional models (M305a and M305b) used TD records up to 305 DIM and variance components previously estimated by M335 and M365, respectively. The effects common to all models were fixed effects of herd × test-date and DIM class, fixed regression on DIM nested within region × age × season class, and random regressions for additive genetic and permanent environmental effects. Legendre polynomials of order 6 and 4 were fitted for fixed and random regressions, respectively. Rapid increase of additive genetic and permanent environmental variances at extremes of lactations was observed with all 3 models. The increase of additive genetic and permanent environmental variances was at earlier DIM with M305, resulting in greater variances at 305 DIM with M305 than with M335 and M365. Model M305 had the best ability to predict TD yields from 5 through 305 DIM and less error of prediction of 305-d EBV than M335 and M365. Model M335 had smaller change of 305-d EBV of bulls over the period of 7 yr than did M305 and M365. Model M305a had the least error of prediction and change of 305-d EBV from all models. Therefore, the use of TD records of Holstein cows from 5 through 305 DIM and variance components estimated using records up to 335 DIM is recommended for the Canadian Test-Day Model. Key words: random regression model , test-day record , variance-component estimation
IntrODuCtIOn
The test-day model has become a model of choice for national genetic evaluation of production traits in many countries (International Bull Evaluation Service, 2009 ). The vast majority of countries that use the testday model include only test-day (TD) records up to 305 DIM. The threshold point of 305 DIM was adopted from lactation models in which yields were summed over a standard lactation length of 305 DIM. The number 305 originates from the seasonal calving practice for a dairy cow to have one calf per year (coinciding with fresh forage grazing), milk for 305 d, and rest for 60 d (days dry). Modern dairy cows are high-producing cows capable of maintaining production for a considerable period, and because drying off cows at high yield is a problem, rebreeding of these cows is often deliberately delayed. Moreover, high-producing cows are often in a negative energy balance at the peak of their lactation because they are not able to consume enough food to cover their energy requirements. Such animals have to mobilize their body reserve, which leads to decreased conception rate and, consequently, longer days open (Friggens et al., 2007) .
Peak of lactation is generally considered the period of greatest risk for culling. Cows with extended lacta-tion have, therefore, a lower proportion of days at risk per lifetime than cows with a standard lactation length (Knight, 2005) . Cows with longer lactations are usually more profitable, mainly because they are less affected by pregnancy and, consequently, have lactations with greater persistency (Arbel et al., 2001; Bohmanova et al., 2009 ).
The increasing trend in milking cows for longer than 305 DIM (Cole et al., 2009 ) generated a noticeable number of TD records beyond 305 DIM. Six member countries of Interbull have decided to include TD records beyond 305 DIM in their national genetic evaluations (International Bull Evaluation Service, 2009 ). In Canada, only TD records from 5 through 305 DIM are used in the national genetic evaluation for production traits.
The 2 possible consequences of including TD records beyond 305 DIM are 1) increase of accuracy of 305-d EBV or 2) lack of fit because of inability of regression functions to properly fit the peak or end of the lactation curve when fitting longer lactations.
The Canadian Test-Day Model is a multiple-trait (milk, fat, protein, and SCS), multiple-lactation (first 3 lactations) random regression model (RRM) fitting TD records up to 305 DIM (Schaeffer et al., 2000) . The objective of this study was to investigate whether TD records beyond 305 DIM are useful for estimation of 305-d EBV for milk, fat, and protein yield and SCS for Canadian Holsteins using the Canadian Test-Day Model.
materIaLS anD metHODS

Data
Data were TD milk, fat, and protein yields and SCS from the first 3 lactations of Holstein cows calved from 1988 to 2007. Milk, fat, and protein yields were preadjusted for the effect of pregnancy using adjustment factors as described by Bohmanova et al. (2008a) . Three data sets were created for variance-component estimation by random sampling of 50 herds with at least 50 cows from the Canadian Holstein database. These data sets contained TD records with DIM from 5 to 305 (VC 305 ), from 5 to 335 (VC 335 ), and from 5 to 365 (VC 365 ). Only TD records with all traits present were included in data sets for variance-component estimation.
Six additional data sets were extracted from the Canadian Dairy Network database for genetic evaluation purposes. 
Models
Three multiple-trait, multiple-lactation RRM were used in fitting TD records up to 305 DIM (M305), 335 DIM (M335), and 365 DIM (M365). Models were defined as , where y ijklmop is the pth TD record of the oth cow for a trait i (TD milk, fat, protein yields or SCS) in lactation j; HTD ijk is the kth herd × test-date effect for a trait i and lactation j; α ijln is the nth fixed regression coefficient for a trait i and lactation j specific to the lth region × age × season class; n is the number of covariates; dim_cl m is the fixed effect of the mth DIM class (m = 5, 6, 7, . . .); β ijno is the nth random regression coefficient for the additive genetic effect of cow o for trait i and lactation j; γ ijno is the nth random regression coefficient for the permanent environmental effect of cow o for trait i and lactation j; z(t) is a vector of covariates of size 7 describing the shape of the lactation curve of fixed regressions evaluated at t DIM; w(t) is a vector of covariates of size 5 used for random regressions; and e ijklmop is the residual. Ten, 11, and 12 classes of residual variance with 30 d each were defined for each lactation for M305, M335, and M365, respectively. Legendre polynomials of order 6 and 4 were fitted for fixed and random regressions, respectively.
In matrix notation, each model can be described as
where y is a vector of observations; b is a vector of the herd × test-date effect, DIM classes, and regression coefficients for region × age × season class; u, p, and e are vectors of additive genetic, permanent environmental, and residual effects, respectively; and X, Z, and W are incidence matrices. The data were assumed to follow where R is a block diagonal matrix with blocks of size 4 × 4 specific to a particular DIM interval and lactation. Residuals were assumed to have the same variance within residual intervals and heterogeneous variance between intervals, and residuals for different DIM were assumed to be uncorrelated. Matrices G and P are the random regression covariance matrices (60 × 60) for the genetic and permanent environmental effects, respectively. The matrix A is the additive genetic relationship matrix, and I is an identity matrix; MVN denotes the multivariate normal distribution. A Bayesian approach via Gibbs sampling was applied to estimate model parameters. A single, long chain of 100,000 samples was generated for each model. The first 20,000 samples were discarded as a burn-in, and the remaining samples were used to compute posterior means of model parameters. Convergence of Gibbs chains was monitored by visual inspections of plots of samples for selected parameters. The prior distributions of parameters of the model were 
,  IW where Σ g , Σ p , and Σ e are genetic, permanent environmental, and residual covariance matrices, respectively; MVN denotes the multivariate normal distribution; and IW denoted the inverse Wishart distribution with n degrees of belief and the scaling factor S. Values adopted for the scaling factors (S g 2 , S p 2 , and S e 2 ) were obtained by combining results from previous studies that considered TD with DIM ≤305 and assumptions made on variances past 305 DIM. Conservative degrees of belief were chosen to represent the vague prior information. Two additional models (M305a and M305b) were fitted. These models used data up to 305 DIM and variance components estimated by M335 and M365 that were transformed to a 5-305 DIM scale as in Togashi and Lin (2004) . The (co)variance matrices of random regression coefficients (5 × 5) of models M305a (G a ) and M305b (G b ) were converted from a (co)variance matrix of random regression coefficients (5 × 5) estimated by M335 (G 335 ) and M365 (G 365 ), respectively. As an example, the transformation is described in details for G a only.
Let matrices K a (301 × 301) and K 335 (301 × 301) be genetic (co)variance matrices of daily yields for DIM from 5 through 305 defined as
and
where Φ (301 × 5) and Φ * (301 × 5) are matrices of Legendre polynomials of order 4 for DIM from 5 through 305 standardized to −1 to +1 range from a 5-305 and 5-335 DIM scale, respectively. Pre-and postmultiplying equation [1] by Φ′ (5 × 301) and Φ leads to Φ′K a Φ = Φ′ΦG a Φ′Φ.
[3]
Rearranging equation [3] leads to
It was assumed that K 335 = K a ; therefore,
Two genetic evaluations were carried out for each of the 5 models with variance components previously estimated. The first evaluation used D99 data, and the second one used D07 data. Mixed-model equations were solved by iteration on data with a preconditioned conjugate gradient algorithm using a block diagonal preconditioner (Lidauer et al., 1999) . A description of the 5 models is summarized in Table 1 .
Model Comparison
Predictive ability of models was investigated by computing correlations (RHO) between observed TD records in D07 and records predicted by models, the residual variance (RV), and percentage of squared bias (PSB). Ali and Schaeffer (1987) where ebv07 is the 305-d EBV estimated from D07, pa99 is the average of the animal's parent EBV estimated from D99, and n is the number of bulls with no daughters in D99 and at least 25 daughters in D07. For milk, fat, and protein yield, ebv07 was defined as 305-d EBV, and for SCS, it was defined as average daily EBV. To account for differences in average of EBV between the 2 genetic evaluations, EBV from D07 were shifted by subtracting the average change in EBV from D99 to D07 for a set of bulls whose average EBV was not expected to change. The adjustment was based on 1,867 bulls with at least 25 daughters in D99, no new daughters, and no more than 10 new granddaughters in D07.
To compare stability of EBV, average change of 305-d EBV (AD) of 97 "newly proven bulls" (bulls that received their first official EBV in 1999; that is, had at least 20 daughters with TD records >120 DIM) was calculated as follows: where ebv99 is the 305-d EBV estimated from D99. Similarly as in ERP, ebv07 was shifted by subtracting the average change in EBV from D99 to D07 for a set of bulls whose average EBV was not expected to change.
reSuLtS Figure 1 shows the distribution of first-parity TD records from 5 to 600 DIM of Canadian Holstein cows. The distribution is nearly uniform from 5 through 275 DIM, with approximately 71,000 records per day. In later stages of lactation, the number of records per day is notably smaller. At 305, 335, 365, and 400 DIM, the number of TD records per day was 30, 52, 67, and 79% smaller, respectively, than in the interval from 5 through 275 DIM.
The proportion of lactations longer than 305 DIM increased over time (Figure 2) . The data set used in this study consisted of data from 1988 through 2005, but because there was a notably smaller number of recorded calvings in 1988 and 1989 (beginning of recording of TD records) compared with other years and because most cows that calved in 2006 or 2007 were still lactating past April 2007 (end of our data set), these 4 yr were not plotted in Figure 2 to avoid a bias in the trend.
In 1990, 45% of first, 34% of second, and 33% of third lactations were longer than 305 d. This percentage reached 50, 40, and 33% in 2005. A larger number of cows tends to lactate beyond 305 DIM in first lactation compared with later lactations.
In this study, 3 ranges of TD records were investigated: the currently used 5-305 DIM range and the 5-335 DIM and 5-365 DIM ranges. With the last 2 scenarios, 1 and 2 more TD records per cow per lactation were allowed to be included in the analyses (assuming a 30-d interval between subsequent tests). Considering only lactations shorter than 366 DIM, 45, 40, and 40% of first, second, and third lactations were ≥306 DIM, respectively. Not all cows lactated beyond 305 DIM; therefore, widening the range of TD records resulted in an average increase of only 0.3 and 0.4 TD records per cow and lactation in the 5-335 DIM and 5-365 DIM scenarios, respectively.
Variance Components
As shown in Table 2 , very small changes in average daily heritability for milk, fat, and protein yields and SCS in the first 3 lactations were reported among models. Larger additive genetic (Figure 3 were observed at the beginning and end of lactation compared with mid lactation in all 3 original models (M305, M335, and M365). The increase of variances was observed 30 d before the last available TD record of a particular model. The increase occurred at earlier DIM with M305 compared with M335 and M365, resulting in larger genetic and permanent environmental variances at 305 DIM with M305.
Residual variance was the same in all 3 models until 275 DIM (Figure 4 ). In M305, residual variance was noticeably smaller in the interval from 276 through 305 DIM than in previous intervals. In M335 and M365, residual variances remained constant until 305 DIM and decreased in subsequent interval(s). In all models, residual variance was the smallest in the last interval.
Both additive genetic and permanent environmental variances were elevated at the beginning of lactation. Moreover, residual variance was the same in all 3 models from 5 through 275 DIM; therefore, no noticeable differences in daily heritability were reported from 5 through 275 DIM ( Figure 5 ). The 3 models had slightly different trends of daily heritability from 275 DIM through 305, which was caused by differences among models in residual variance in this interval. However, the differences in heritability were very small (≤0.02). In general, daily heritability slightly increased 30 d before the last available TD record of a particular model and then decreased. Fat and protein yields and SCS and milk yield in later lactations showed a similar trend in additive genetic and permanent environmental variances and daily heritability as milk yield in first parity (results not shown).
As given in Figure 6 , genetic correlations of 0.68, 0.79, and 0.81 were estimated between cumulative 305-d milk yield and 305-d TD yield in M305, M335, and M365, respectively, indicating that a TD record at 305 DIM was weighted differently in M305 than in M335 and M365. Test-day record at 5 DIM and TD record 30 d before the last available TD record in a particular model had the lowest correlations with cumulative 305-d yield. 
Genetic Evaluation
Small differences in ability of models to predict TD records from 5 through 305 DIM measured by PSB, RHO, and RV are reported (Table 3) . Model M305 was the best model for SCS based on PSB, RHO, and RV. For milk, fat, and protein yields, M305 had the smallest RV, but M365 had the smallest PSB. Differences among models in RHO were very small. Model M305 had better predictive ability than both M305a and M305b. Considering only a part of lactation, M305 predicted TD records from 275 through 305 DIM better than M335 and M365, and M335 predicted TD records from 306 through 335 DIM better than M365 (results not shown). Similar to residual variance (Figure 4) , RV was in all 3 models the smallest in the last 30 d of the lactation. This indicates that models tend to fit end of lactation better than the rest of lactation, and additional data beyond 305 DIM cause a lack of fit for TD records from 275 through 305 DIM.
Comparing the 3 original models (M305, M335, and M365), M335 had the smallest AD (Figure 7) . Model M305a had the smallest AD when comparing all 5 models. The largest differences in AD between the worst and the best model were 25 kg for milk and 0.7 kg for fat, 0.3 kg for protein, and 0.005 for SCS. Error of prediction for milk was lower with M305 than with M335 and M365 (Figure 8 ). Modified models (M305a and M305b) had smaller ERP than original models (M305, M335, and M365); model M305a had the smallest ERP from all models.
Rank correlations between 305-d EBV and PER from different models for bulls with at least 25 daughters were all >0.99. Rank correlations for cows were >0.99 for 305-d EBV and >0.96 for PER. This may indicate that the range of TD records used for estimation of breeding values did not have an effect on ranking of bulls and cows but, in the long run, could improve stability of breeding values. No notable differences were found among models in terms of convergence rate in solving mixed-model equations.
DISCuSSIOn
The increase of additive genetic and permanent environmental variances and the decrease of residual variances did not occur in all models at the same DIM but approximately 30 d before the last available TD. This indicates that the rapid changes of variances at extremes of lactation are not due to data structure (fewer records) but are the artifacts of RRM. Kachman (2004) noted that variance functions are formed by even polynomials (the highest order of the polynomial is even). This results in a tendency of the variance to grow rapidly at extreme time points. Bohmanova et al. (2008b) reported that variance functions in RRM with linear splines are quadratic between knots and, similarly as in RRM with Legendre polynomials, grow rapidly at the beginning and end of lactation. However, the increase of variances was smaller in RRM using linear splines than in RRM using Legendre polynomials (Bohmanova et al., 2008b) . It seems that regardless of the type of function used in RRM, this edge effect of variance functions will always be present.
The edge effect of variance functions was observed both at the beginning and at the end of the lactation. Models M305a and M305b used variance components estimated from M335 and M365, respectively, and TD records only up to 305 DIM. The different ranges of DIM used for variance-component estimation and genetic permanent environmental variances were observed from 4 through 60 DIM and 270 through 330 DIM in the Luxembourgian dairy population (Mayeres et al., 2004) . de Roos et al. (2004) used RRM with and without herd-specific regression curves for estimation of variance components for Dutch Holsteins. Variances at borders of lactation estimated from the model with the herd-specific effect were smaller than variances estimated from the model without the effect. However, an increase of variances was reported at the beginning (from 5 through 35 DIM) and at the end of lactation (from 305 through 335 DIM) in both models. Results from these studies suggest that the optimal range of TD records for estimation of 305-d EBV seems to be population specific, and recommendations presented in this study cannot be generalized to other populations.
The shape of daily heritability for production traits varies significantly among studies (Misztal et al., 2000) . In this study, daily heritability for milk yield was the smallest at the beginning of lactation followed by a steep increase in later stages of lactation. This was in agreement with de Roos et al. (2004) . A U-shaped trend of heritability; that is, greatest values at the extremes of the lactation, was reported by López-Romero et al. (2003) . Daily heritability estimated by Olori et al. (1999) and Strabel and Jamrozik (2006) increased continuously with stage of lactation.
Model M305 had better predictive ability of records from 5 through 305 DIM and smaller ERP than models M335 and M365, which was expected because both M335 and M365 had to fit much longer lactations and, consequently, had a lack of fit from 275 through 305 DIM. Vargas et al. (2000) compared the goodness of fit of functions for cows with extended lactation using a data set with TD records up to 305 DIM only and a data set with all available TD records. Better fit was obtained from models with TD record up to 305 DIM only. Both M305a and M305b were superior to M305 in terms of stability and ERP of EBV, probably because these 2 models used variance components that had fewer artifacts than variance components of M305. Additional TD records beyond 305 DIM did not improve estimation of 305-d EBV. This was caused by lack of fit when fitting longer lactations and because cumulative 305-d milk yield was only moderately genetically correlated with TD yield beyond 305 DIM.
COnCLuSIOnS
Models that used TD records only up to 305 DIM were superior to models with a larger range of TD records in terms of predictive ability and ERP. Models M335 and M365 had fewer artifacts in additive genetic, permanent environmental, and residual variances from 5 through 305 DIM. The model that used TD records from 5 through 305 DIM only and variance components that were transformed to a 5-305 DIM scale from the estimates based on TD records from 5 through 335 DIM is recommended for estimation of 305-d 
